Rotating magnetic field is applied in up-leg of RH vessel to promote the removal of non-metallic inclusions of molten steel and to prolong the life of RH equipment. Physical and mathematical models have been developed to understand the two-phase turbulent flow considering the effect of the rotating magnetic field in the RH vacuum degassing vessel. Water model experiments verified that the gas bubbles can be moved toward the central zone of up-leg of RH vessel as the result of density difference between gas bubbles and liquid in the swirling flow. The larger circulation flow rate can be obtained in RH degassing vessel with the effect of swirling flow. A penetrating velocity, which does not change the equation characteristics but changes solution distribution, is proposed to revise the gas volume fraction conservation equation. A revised gas volume fraction conservation equation is successfully used to solve the gas distribution in RH vessel. If there is no swirling flow, the larger upward velocities and maximum of the gas volume fraction appear near wall of up-leg. If the rotating magnetic field is applied in up-leg, the larger upward velocities occur in the central zone of up-leg. These phenomena agree with the experimental observation. When the rotating electromagnetic force is applied, the numerical results showed that a swirling flow may be produced and extended into the vacuum chamber. As the occurrence of swirling flow in upper part of up-leg, the maximum of gas volume fraction moves toward the center zone of up-leg and the upward parabolic velocity distribution is also formed.
Introduction
The refining process of the RH system is classified as degassing and decarburization equipment of the molten steel which circulates between the ladle and vacuum vessel by blowing with argon gas. One of the dominant factors that influence the decarburization rate in the RH process is the circulation flow rate. The circulation flow rate depends on the shape of system such as snorkel diameter, radius of the vacuum chamber, nozzle position and number, and the operation conditions such as the pressure of the vacuum vessel, argon gas flow rate and the submerged depth of the snorkels. Because the direct measurement of the circulation flow rate is difficult, many studies on the RH system have been performed to predict the circulation flow rate using water model experiments, mixing time measurements in real process and numerical methods.
Kamata et al. 1) investigated the effect of gas flow rate, nozzle number, nozzle diameter and nozzle position on circulation rate using water model experiments. Kuwabara et al. 2) proposed empirical equations to predict the molten steel circulation. From water model experiments, 1, 2) several empirical equations have been proposed to predict the circulation flow rate. However, there is limitation in their applicability to a real RH system due to the large difference between the conditions of the water model and the real system.
Numerical calculations are alternative method to overcome experimental limitations. Fluid flow and concentration variations were calculated by numerical simulation.
3)
The variation in concentration and the decarburization rate with assumed values of the circulating flow were calculated. Park 4, 5) developed a numerical model to calculate the circulating flow, in which the buoyancy force of the argon gas is driving force, and the trajectory of the plume centerline using Themelis's formulation. 6) Authors also calculated the circulating flow in whole RH system in previous paper 7) by using gas volume fraction model transplanted from bottom stirring ladle. 8) The model of continuous fluid of variable density was widely used to analyze the two-phase flow in gas stirring reactors. However, it is unable to solve the two-phase flow in side blown reactor, 9) since the previous continuous fluid model cannot introduce the gas into the bulk melt through in up-leg.
The beneficial effects of the rotating magnetic field in materials processing, especially in continuous casting Chave been studied by many investigators. [10] [11] [12] If molten steel in an up-leg is stirred through swirling motion, particles such as argon bubbles and nonmetallic inclusions contained in steel, which densities are small compared with the density of the molten steel, are moved towards the center area of the up-leg because of the difference in the centrifu-gal force. 12) This increases the collisions and coalescences between the gas bubbles and inclusions and enhances the removal rate of inclusions.
The purpose of the present study is to promote the removal of non-metallic inclusions of molten steel, increase the flow rate of molten steel in RH vacuum degassing vessel and prolong the life of RH equipment by using rotating magnetic field. Thus, physical and mathematical models are developed to understand the two-phase turbulent flow considering the effect of the swirling flow in the RH vacuum degassing vessel.
Water Model Experiment
A water model experimental system of the RH degassing vessel is used to study the two-phase swirling flow in up-leg of RH vessel as shown in Fig. 1 . On the basis of satisfying Froude number similarity criteria, a one-seventh water model of 300 ton ladle is constructed using acrylic resin. The diameters of ladle, the up-leg and down-leg and chamber are 0.5, 0.08 and 0.352 m, respectively. The injection rate of air flow changes from 6.94ϫ10
Ϫ5 to 16.7ϫ 10 Ϫ5 m 3 /s. The swirling flow is generated using two impellers with the plane blade. A video system is used to record the two-phase flow patterns. Ultrasonic flow meter is used to measure the liquid flow rate through the down-leg of RH vessel, which is known as the circulating flow rate of the RH system. Figure 2 shows the effect of the impeller input power on two-phase flow patterns. The rising gas bubbles are observed near wall of up-leg and no gas bubbles are in central zone of up-leg when no swirling flow is applied. With increasing of the impeller input power the centripetal force generated by rotating of liquid drives gas bubbles to move toward the central region of the up-leg and the gas bubbles may be concentrated on center of up-leg in case that impeller input power is enough large. Figure 3 illustrates the effect of impeller input power on circulating flow rate of RH vessel and the circulating flow rate increases. Therefore, the gas bubbles distribution affects the circulating flow rate of RH degassing vessel.
Mathematical Models

Flow Equation for Molten Steel
Schematic of the RH degassing vessel with the swirling flow is shown in Fig. 4 . The gas-liquid mixture is treated as a continuous fluid with spatially variable density. The density difference between pure liquid and gas/liquid mixture is dynamic source of circulating flow in the RH system. The force at the interface between gas bubbles and liquid disappears automatically. The molten steel flow is governed by the equations of mass conservation, momentum conservation, and turbulence model. The equations in Cartesian coordinate system are written in three-dimensional common form Eqs. (1) and (2). where F m is the electromagnetic force. Although the gas-liquid plume is included in flow field, the standard k-e two-equation turbulence model 13) is used to solve the effective viscosity, m e , since the turbulent flow model including two phases is not available. The reason is that the effect of gas plume formation on the turbulent viscosity has partly been taken into account by using the variable density, and the volume fraction of gas is relatively small in the bulk fluid.
Gas Volume Fraction
Density of gas-liquid flow zone, r, is calculated by continuous fluid model as expressed in Eq. (3). (3) where a is the gas volume fraction.
The dispersion of argon gas bubbles due to turbulent transport in the mixture is calculated by solving a continuum transport equation of gas fraction, Eq. (4).
.... (4) where the vertical bubbles slip velocity, w slip , was defined by following derivation.
A penetrating velocity, which does not change the equation nature i.e. linear nature of equation does not change but changes solution distribution, is introduced to revise the gas volume fraction conservation equation.
Horizontal penetrating velocities are calculated by Eq. (5) where Q g is total argon gas flow rate, n is nozzle number, A is cross section of inlet nozzle and a is gas volume fraction in gas jet into liquid zone near wall and is assumed to be value at inlet a 0 .
The Reynolds number of the centripetal movement of gas bubble is defined as follows.
The estimated Reynolds number is more than 1 000 for both of actual RH degassing vessel used on steelmaking and water. In order to estimate the centripetal velocity and rising velocity of gas bubble in water and molten steel, a mathematical formulation of the three-dimensional motion of particles is applied. Assumptions for the calculation are as follows: (1 The right-hand side is the force required to accelerate the particle. (11) where V g and V are the instantaneous velocity of the particle and the undisturbed fluid velocity at the center of the particle and C d is the drag coefficient. 16) ......... (12) where Reϭr d g |V g ϪV | /m 1 . F A is the added mass force. The added mass force takes into account the fact that an accelerating or decelerating body must also accelerate a volume of surrounding liquid equal to one-half of the volume a sphere displaces, ............... (13) where C A ϭ0.5.
Equations (14) and ( Figure 6 shows the effect of diameter of gas bubbles on its rising velocity. The effect of radius on centripetal velocity of up-leg in RH vessel of water model is shown in Fig. 7 . The diameter of gas bubbles is set to be 3 mm in numerical simulation. The slip velocity components are calculated as Eq. (18). 
Electromagnetic Force
Electromagnetic force can be calculated using the Maxwell's equation and Ohm's law. Spitzer et al. 10) had derived Eq. (19). 
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Boundary Conditions
As the fluctuation of free surface is neglected, the axial gradient of all variables at the free surface is equal to zero. Velocity and turbulent kinetic energy at the solid wall are zero. Empirical "wall law function" 12) is employed to define the tangential velocity, turbulent kinetic energy, and the rate of dissipation of turbulent kinetic energy at the grid nodes near wall.
Solution Method
In the present analysis, the model includes whole RH system including ladle, degassing vessel, and legs. The complicated geometry is analyzed by blockage technique, 7) which creates no extra numerical difficulty. The geometrical and physical properties are given in Table 1 . The size of model is about one-seventh of the RH system.
A finite volume method has been chosen for this calculation of complicated system. The non-linear simultaneous equations are solved by using SIMPLEC algorithm. A main mesh system of 82ϫ82ϫ100 is used to divide the calculation domain. A combination of Alternating-Directionsemi-Implicit iteration scheme (ADI) and block correction is used to solve the discrete algebraic equations. When the relative difference between successive solutions is smaller than 0.05 %, it is decided that the converged velocity and turbulence are obtained.
Numerical Results and Discussion
When the rotating magnetic field is applied in up-leg of RH vessel, swirling flow in horizontal sections occurs as the result of induced electromagnetic force. Figures 8(a)  and 8(b) show the calculated flow fields in main sections of the water model of RH system at 11.1ϫ10 Ϫ5 m 3 /s argon gas flow rate without and with swirling, respectively. It can be observed that the flow patterns in ladles are same as each other. The difference can be observed in the zone of the upleg of the system. If there is no swirling flow, larger upward velocities appear near wall of up-leg. If the rotating magnetic field is applied in up-leg, larger upward velocities occur in the center zone of up-leg.
The velocity distributions in different horizontal sections are shown in Fig. 9 . The swirling flow in upper part of the up-leg is clearly observed and extended into vacuum chamber. Figures 10(a) and 10(b) show the comparison of the calculated distribution of gas volume fraction with observed one at the main section of RH system between without and with swirling. As the results of the swirling flow, the maximum of gas volume fraction is moved to the center zone of the up-leg. The pictures taken in the water model exhibit the same phenomena, i.e. the swirling flow pushes the gas bubbles toward the center zone of the up-leg. Because the swirling flow in the up-leg of RH water model is generated using impeller with flat blade, the input power is directly applied on two-phase fluid, and therefore the movement of gas bubbles toward central zone of up-leg is instantly taken place. However, since the effect of induced electromagnetic force on two-phase fluid is gradually produced in numerical simulation, some differences of gas distribution are shown between numerical results and experimental observation. Nevertheless, the ultimate gas distribution after rising a distance is same. Figures 11 and 12 show the differences of calculated gas volume fractions and vertical velocities in up-leg of the RH system between without and with swirling flow. Obviously, the more strong upward flow in the RH degassing vessel with swirling flow can be observed, and it indicates that larger circulating flow occurs by the swirling flow. Generally, the calculated recirculation flow rate is more than experimentally observed one. This is because the impellers occupy flow passage in experiment. Furthermore, the accuracy of calculation is not good because of the complexity of turbulent two phase flow. Therefore, there is a disagreement between calculation and measurement.
To understand the two phase flow characteristics in upleg of the RH degassing vessel, the circulation flow is induced by the buoyancy force on gas bubbles, when gas bubbles are rising. The surrounding fluid fills the space previously occupied by the gas bubbles. If the uprising bubbles are along the wall of the up-leg, the fluid is not enough from the side near wall of up-leg, so that the effect of bubbles on circulation flow rate decreases. If the swirling flow Table 1 . Numerical values of parameters in calculation. is applied, uprising gas bubbles is in zone where is far from the wall of the up-leg. Enough fluid fills the space occupied by the bubbles and the effect of bubbles is fully generated. Therefore, larger circulation flow rate can be produced in the RH system with the swirling flow. In present work the circulation flow rate increased to about 1.2 times of that without the swirling flow.
Conclusions
Physical model and mathematical model for two-phase flow phenomena of the RH degassing vessel with the effect of rotating magnetic field in up-leg of RH vacuum degassing vessel has been developed. The following conclusions are obtained.
(1) Water model experiments verified that the gas bubbles can be moved toward the central zone of up-leg of RH vessel as the result of density difference between gas bubbles and liquid in the swirling flow. The larger circulation flow rate can be obtained in RH degassing vessel with the effect of swirling flow.
(2) A penetrating velocity, which does not change the linear nature of equation but changes solution distribution, is introduced to revise the gas volume fraction conservation equation. A revised gas volume fraction conservation equation is successfully used to solve the gas distribution in RH vessel.
(3) When the rotating electromagnetic force is not applied, the upward 'M' type velocity distribution is showed in up-leg and the maximum of the gas volume fraction is near the wall of the up-leg which agree with the experimental observation.
(4) When the rotating electromagnetic force is applied in up-leg, the results that a swirling flow is produced and extended into the vacuum chamber were obtained by numerical calculation. As the swirling flow in upper part of up-leg occurs, the maximum gas volume fraction moves toward the center zone of the up-leg and the upward parabolic velocity distribution is also formed.
